Mechanical exfoliation of layered crystals has recently emerged as a new approach to producing unusual electronic materials, with the most prominent examples being graphene [1] and single layer MoS 2 [2, 3] . In pioneering work, Novoselov and collaborators showed that this method can be used to synthesize a wide array of ultra-thin films (termed 'two-dimensional atomic crystals'), including single unit cell crystals of the high-T c cuprate superconductor Bi 2 Sr 2 CaCu 2 O 8+δ (BSCCO) [4] . Besides enabling a variety of experiments [5] , such as electrostatic gating [3, 6] , these materials can have electronic properties that differ markedly from the bulk [7, 8] . Intriguingly, single-layer BSCCO was found to be insulating, in contrast to the metallic behavior observed in ultra-thin MBE-grown cuprate films [9, 10] , as well as the expectation that the physics of the cuprates is intrinsically two-dimensional (i.e. a property of a single copper oxygen plane). To better understand this apparent contradiction, we have investigated the optical properties of two-dimensional BSCCO atomic crystals.
The electronic properties of the cuprates [11] [12] [13] and exfoliated materials [7, 14] in general are often probed through optical methods. Indeed, optical spectroscopy is an ideal tool for studying exfoliated BSCCO, as it is provides access to the carrier dynamics and electronic structure [15] . This technique also has the advantage of not requiring nanofabrication (i.e. photoresists, solvents, and other chemicals) and is insensitive to contact resistance or extended defects that might be expected to influence DC measurements. In this work, we present the results of an optical study of exfoliated BSCCO of various thicknesses. Our measurements indicate pronounced changes in the optical properties with thickness. An effective medium approximation (EMA) that includes an insulating surface layer gives a good account of our thickness dependent data. The presence of an insulating surface explains the previous observation of insulating behaviour in single layer exfoliated BSCCO and emphasizes the fragility of these samples [4] .
The paper is organized as follows: Section I details the exfoliated BSCCO samples and experimental methods used in our optical study. In section II, we discuss how the optical constants of exfoliated BSCCO evolve as a function of thickness. Section III describes how the data can be understood using a simple effective medium approximation (EMA), which assumes that a region near the surface of the sample has become insulating. Finally, we present some final discussion and our conclusions in section IV.
I. SAMPLE AND EXPERIMENTAL DETAILS
Two-dimensional atomic crystals of BSCCO were deposited, via the mechanical exfoliation technique [4, 16, 17] , on 350 micron thick silicon substrates capped with 280 nm of silicon dioxide (Silicon Quest International). The optimallydoped bulk crystals used in the deposition were grown by the traveling floating zone method and have typical transition temperatures of 90 K [18] . Prior to exfoliation, the substrates were prebaked at 425 K for 15 minutes in an effort to minimize the amount of adsorbed water at the BSCCO/SiO 2 interface and the entire procedure (substrate baking and exfoliation) was performed in a dry atmosphere. Large (greater than 20 by 20 microns in area) samples were then identified through optical microscopy [16] and stored in vacuum prior to measurement at the Canadian Light Source. Film thickness was established with a Digital Instruments Nanoscope III atomic force microscope operating in contact mode. Sample thicknesses typically range from 10 to 200 nm.
It is worth noting at this point that our exfoliated BSCCO samples have been characterized by various experimental techniques and confirmed to be well-defined single crystals that retain the symmetries of the bulk, with no evidence for structural granularity or any drastic changes in the lattice. First, TEM studies have demonstrated that BSCCO 2D atomic crystals are monocrystalline and have the same crystal structure as bulk [4] . This was further confirmed by Raman scattering and X-ray Laue microscopy experiments [16, 19, 20] . Raman scattering selection rules (i.e. whether an excitation can be observed or not) follow from the translational and point group symmetries of the lattice. Translational symmetry means that only q = 0 processes can be observed, while point group symmetry impose certain polarization dependences. In a previous unpolarized Raman study [19] , Wang et al. studied scattering due to phonons as a function of thickness. They found that the number and frequency of these modes was unchanged with thickness, meaning that the lattice translational symmetry and dynamics are unperturbed in exfoliated BSCCO. We have also studied the two-magnon feature in underdoped exfoliated BSCCO films using polarized Raman microscopy [16] . While this feature was blue-shifted and enhanced compared to bulk, it's polarization dependence was unaltered with thickness, meaning the pseudo-tetragonal symmetry of the BSCCO lattice is also unchanged. Finally, x-ray Laue micro-diffraction measurements show a diffraction pattern unchanged from bulk, save for subtle changes associated with the incommensurate superstructure, demonstrating unequivocally that our BSCCO films are single crystal with the c-axis oriented normal to the substrate surface [20] .
Optical measurements of the BSCCO/SiO 2 /Si/SiO 2 samples (shown schematically in the inset of figure 3(c) were performed at the Canadian Light Source Mid-IR beamline at room temperature with 16 cm −1 resolution using a Bruker Hyperion infrared microscope equipped with a 15x (0.4 NA) objective, a Bruker Vertex 80v spectrometer and a liquid nitrogen-cooled HgCdTe detector. The spectra are referenced to a nearby bare region of the substrate in order to minimize errors due to system drift or alignment. A schematic of the measurement geometry is shown in the inset of figure 3(c). Given the orientation of our films as determined from Raman microscopy, this experimental geometry is sensitive to the ab-plane optical constants. These measurements are reproducible to within 1.5 % and 0.5 % for transmittance and reflectance respectively. This reproducibility in turn determines the error bars in the spectral weight shown in figure 3c ). The reflectance and transmittance data are shown in figure 1 , where the transmittance ratio is seen to increase with reduced sample thickness, while the reflectance decreases. This trend is consistent with the expectation that reducing the thickness of an absorbing sample should lead to an increased transmittance. Indeed, the majority of this effect in our data is due to the change in sample thickness. In order to examine any thickness dependence of the BSCCO itself, extracting the optical conductivityσ(ω) is required.
Accurate knowledge of the substrate optical constants is needed to analyze the measurements of the multilayer structures described above. Similarly, the optical properties of our bulk BSCCO crystals need to be well-established if any changes with thickness are to be identified. We therefore measured the optical response of the 'parent' BSCCO crystals and of the oxidized silicon substrates. The optical properties of the substrate were determined using a combination of reflectance, transmittance and ellipsometric measurements, while the response of bulk BSCCO was extracted from broadband reflectivity data. The reflectance and transmittance data were collected in the range of 80 to 11000 cm −1 at room temperature using a Bruker Vertex 80v spectrometer equipped with a custom sample space that supports simultaneous measurement of reflectance and transmittance [21] . For reflectance referencing, we used a gold mirror, and for the BSCCO a standard in situ gold overcoating technique was employed [22] . Ellipsometric measurements of the substrates were performed using a Woolam VASE spectroscopic ellipsometer in the range 6000 to 36000 cm −1 . The optical constants of BSCCO were determined by extending the measured reflectance to higher frequencies using previously published data [13] and applying a Kramers-Kronig analysis. For the oxidized silicon substrates, the reflectance, transmittance and ellipsometric data were modeled using the Woolam VASE software. The optical constants of the Si and SiO 2 layers were parameterized using an oscillator model which was then adjusted to match the experimental data. The results obtained in this way are consistent with reported measurements of BSCCO, silicon, and silicon dioxide [13, 23, 24] . To determine the optical constants of the exfoliated BSCCO from our microscopy data, we used a multilayer model implemented with the Reffit software package [25] . The model allows for multiple reflections in the BSCCO and SiO 2 layers but not in the silicon substrate, as Fabry-Perot effects from the substrate are not visible at our experimental resolution of 16 cm −1 . The thicknesses of the BSCCO layers were fixed to the values measured with AFM while the SiO 2 thickness was set to 280 nm, according to the manufacturer's specifications and confirmed by our ellipsometry measurements. To model the complex optical constants of the BSCCO samples, we used a Kramers-Kronig consistent variational dielectric function [26] , which was then adjusted to reproduce the experimental data. Example reflectance and transmittance data for a 23 nm film are shown in figure  2 . The minimum (maximum) in the reflectance (transmittance) is due to Fabry-Perot effects in the oxide layer, while the sharp feature near 1250 cm −1 is a SiO 2 phonon. The extracted BSCCO optical constants above 5200 cm −1 are sensitive to the thickness and optical constants of the oxide layer used in the multilayer model. In addition, SiO 2 has several strong infrared-active phonons below 1400 cm −1 . These features can lead to artifacts in the BSCCO optical constants and so we limit our discussion to the frequency range 1400 to 5200 cm −1 . The spectral weight W integrated from 1400 to 5200 cm −1 . In (c), the data is shown in black while the EMA expression for W is shown in red. The color coding is consistent between plots (a) and (b). A schematic of the measurement geometry is shown in the inset of (c). The overall decrease in σ1 and increase in 1 signals that the BSCCO 2D atomic crystals are becoming less metallic with decreasing thickness.
II. OPTICAL RESPONSE OF EXFOLIATED BSCCO
The end result of the measurement and analysis procedure described above are the optical constants of exfoliated BSCCO. In considering the optical response of our samples, we focus on the real parts of the complex conductivity (σ = σ 1 + iσ 2 ) and the complex dielectric function (ˆ = 1 + i 2 ). The real parts of these quantities are finite frequency generalizations of the DC conductivity and static dielectric constant respectively and reflect the carrier dynamics and electronic structure of the exfoliated BSCCO. The dielectric function ( 1 ) and optical conductivity (σ 1 ) of the exfoliated cuprate samples and of a bulk crystal are displayed in figures 3(a) and 3(b) respectively.
The optical functions σ 1 and 1 of the 123 nm sample display Drude-like behavior that is the spectroscopic signature of metallic transport. This Drude mode manifests itself in the real part of the optical conductivity σ 1 as a zero frequency peak with a width given by the free carrier scattering rate (1/τ ) and a spectral weight proportional to the squared plasma frequency ω 2 p α (n/m b ), where n is the carrier density and m b the optical mass [27] . This mode also leads to a negative 1 that reaches its most negative value at ω = 0. Similar to σ 1 , the finite frequency magnitude of the Drude mode in 1 is strongly affected by the plasma frequency. As seen in figure 3(a) and 3(b) , thinner exfoliated samples reveal a σ 1 that is systematically reduced and an 1 that is increased. These results indicate a suppression of metallicity. The thinnest samples measured, 16 nm and 12 nm (not shown), reveal a flat, featureless σ 1 and a positive 1 indicating fully insulating behavior. The loss of metallicity can be quantified through the integrated spectral weight [15] . Let us define W = ω2 ω1 σ 1 (ω)dω, where the integral is performed over the frequency range 1400 to 5200 cm −1 , and is shown for all samples in figure 3(c) . The thickest sample (123 nm) shows a weight of roughly 2 × 10
6 Ω −1 cm −2 only slightly suppressed from bulk, while the weight of the thinnest sample is depressed by an order of magnitude from the bulk value.
The observed changes are apparent in relatively thick (tens of nanometers) samples. Given the incoherent optical response [11] and negligible electronic dispersion [28] along the c-axis of BSCCO, we do not expect quantum size effects to be significant. On the other hand, several experiments have demonstrated oxygen depletion from BSCCO surfaces [29, 30] , and so we attribute the reduced metallic behavior to a more prosaic effect, namely the escape of oxygen interstitials that causes a region near the surface to become insulating. This suggests that the insulating behavior observed in single unit cell BSCCO [4] is an extrinsic effect. BSCCO is also known to be sensitive to water and so moisture in the air may also play a role in degrading the surface of the two-dimensional atomic crystal samples [31] .
III. EFFECTIVE MEDIUM APPROXIMATION
The scenario of an insulating surface in our exfoliated films points to the interpretation of the optical data through an effective medium approximation (EMA) in which the measured response is a volume average of two different media (in this case an insulating surface and a relatively unperturbed core) [32, 33] . For light with frequency ω = 2000 cm −1 and vacuum wavelength λ vac = 5 µm, the optical constants of bulk BSCCO yield a refractive index n ≈ 5.8, meaning the optical wavelength at this frequency is roughly λ = λ vac /n = 855 nm inside the BSCCO. Since this is an order of magnitude larger than the samples considered here, we can naively consider the samples as consisting of two conductors in parallel. Furthermore, the long wavelength of our probe photons means our measurements are also insensitive to short length-scale variations of the oxygen content, such as at the interface between conducting and insulating regions. The effective complex optical conductivity is then given byσ EM A = f bσint + (1 − f b )σ surf . Hereσ int andσ surf are the conductivities of metallic BSCCO and the insulating layer, respectively; f b is the metallic volume fraction and is equal to (t − d)/t, where t is the sample thickness as measured by AFM and d is the thickness of the insulating layer.
To evaluate the validity of this approximation, we return to the spectral weight shown in 3(c). Taking the real part of σ EM A and integrating yields W EM A = f b W bulk +(1−f b )W surf , where W bulk and W surf are the interior and surface spectral weights respectively. The change of the spectral weight with thickness shown in figure 3(c) is well-described by this expression (plotted in solid red) assuming physically reasonable values for the insulating layer thickness (d), the insulating layer (W surf ) and bulk (W bulk ) spectral weights. Fitting these quantities to the data yields values d =14.6 nm , W surf =2× 10
5 Ω −1 cm −2 , and W bulk =2.4 × 10 6 Ω −1 cm −2 . The fitted parameters are in agreement with the measured bulk spectral weight, the measured insulating crystal spectral weight, and with the observed onset of insulating behaviour in the thinnest (less than 16 nm) samples. This agreement provides strong support for the presence of an insulating surface and for the applicability of the EMA. Indeed, this result also explains the insulating behaviour observed in DC transport [4] , as the insulating region would be expected to extend throughout the single unit cell thick samples used in that study.
IV. CONCLUSIONS
In summary, we have studied the optical properties of exfoliated BSCCO two-dimensional atomic crystals using infrared spectromicroscopy. We observe a progressive suppression of σ 1 (ω) in the two-dimensional atomic crystals of BSCCO, with the thinnest specimens showing insulating behaviour. The trend in spectral weight indicates that the a region extending roughly 15 nm from the surface of the exfoliated BSCCO has a tendency to become insulating. This suggests that the insulating behavior previously observed in 2D atomic crystals of BSCCO is an extrinsic effect [4] .
Our results are suggest that any devices based on exfoliated BSCCO would likely require steps to prevent or compensate for surface degradation. In particular, the insulating surface layer would be expected to lead to high contact resistance. Possibilities include oxygen annealing or employing a gold capping layer, or else performing the sample preparation and measurement in an inert atmosphere. It would also helpful to identify the precise cause of the surface degradation. The application of surface analysis techniques, such as x-ray photoelectron spectroscopy or secondary ion mass spectroscopy, is desirable in this regard.
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